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Abstract
Decays of charmonia(-like) particles with definite JPC (e.g. χc1(3872)), to a D0D0
system and any combination of C-definite decay particles, are sources of quantum-
correlated D0D0 systems with C = P = ±1. Methods to separate the C = ±1
D0D0 components from χc1(3872) decay samples are presented. Studying T and
CPT conservation in C = +1 D0D0 allows a final state reconstructibility advantage.
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1 Introduction
The study of quantum-correlated charmed mesons1 has been a fantastic success for
constraining the parameters of D0−D0 mixing, and as powerful input in constraints of the
CKM phase γ, helping to push the total uncertainty on the Standard Model benchmark
value of γ below 5◦ [1–19]. Improving these constraints will require further quantum-
correlated samples to be studied [20–22]. Further constraints on the Standard Model
benchmark value of γ are crucial, to identify potential deviations from measurements of γ
where new physics effects may be introduced through quantum loops [23].
To date, the only source of quantum-correlated D0D0 systems used for these analyses
are e+e− collisions at ψ(3770) threshold. However, such correlations exist independent of
the production mechanism used to create the initial ψ(3770) state. Such correlations do
not only exist for decays of ψ(3770) to D0D0 systems, but for any initial particle state
with fixed quantum numbers, from which the D0D0 system is formed in a eigenstate of
charge conjugation (C).
The χc1(3872) [previously known as X (3872)] exotic meson was first discovered by the
Belle collaboration in 2003 [24], rapidly confirmed by CDF [25], D0 [26], and BaBar [27], and
established as a state that can decay to systems of open charm, as near-threshold D∗0D0 and
D0D0π0 enhancements corresponding to the χc1(3872) have been observed [28–30]. The
observation of the decay mode χc1(3872)→ J/ψγ in 2011 established that the χc1(3872)
meson has a charge-conjugation eigenvalue of C = +1 [31]. In 2013, the LHCb collaboration
established full quantum numbers JPC = 1++ for the χc1(3872) state [32]. The most
precise measurements of the χc1(3872) mass and decay width are 3871.695± 0.096 MeV/c2
and 1.39± 0.26 MeV/c2, respectively [33]. The χc1(3872) mass coincides with the sum of
the D0 and D∗0 meson masses [34]. The branching fraction of χc1(3872)→ D0D∗0 +D0D∗0
has been determined as (52.4+25.3−14.3)% [35].
This knowledge allows us to now consider utilizing D0D0 systems from χc1(3872)
decays, through a natural extension of existing work which considers D0D0 systems from
e+e− interactions [18, 36]. Perhaps because the χc1(3872) is a JPC = 1++ state, and
resonant production is not possible at e+e− colliders, directly or through initial state
radiation (ISR), the idea of using these decays for quantum-correlated analyses has not
already been discussed. However, as is the case for ψ(3770) decays, substantial numbers of
χc1(3872) decays could be obtained through several alternative production mechanisms.
The necessary formalism is presented in Section 2, with some applications discussed.
In Section 3, methods are proposed that enable the separation of C = −1 and C = +1
D0D0 systems from χc1(3872) decays. In Section 4, a new proposal to use C = +1
D0D0 systems (e.g. from χc1(3872) decays) to quantify time-reversal violation and CPT
violation in the charm system is outlined. Finally, Section 5 briefly details possible
correlated D0D0 production mechanisms, highlighting potential advantages of exploiting
χc1(3872), compared to exploiting ψ(3770), in some cases.
1A pair of charmed mesons in a definite eigenstate of charge conjugation (C), where as a consequence
the two mesons must have either the same or the opposite CP eigenvalues, depending on the C eigenvalue
of the pair.
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2 Quantum correlations formalism
A meson-antimeson system such as D0D0 exists in an eigenstate of parity (P ) and an
eigenstate of C, with both eigenvalues defined by:
CD0D0 = PD0D0 = (−1)LD0D0 , (2.1)
where LD0D0 is the relative orbital angular momentum of the D0 meson and D0 meson
system. In order to form an eigenstate of C, a D0D0 system in a state of definite LD0D0 is
limited to the following quantum state configurations [36]:
|D0D0〉+ |D0D0〉√
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when CD0D0 = PD0D0 = −1, LD0D0 is odd. (2.3)
2.1 Scenarios leading to the production of D0D0 in a C eigenstate
In e+e− colliders the production mechanism for the resulting decay particles is electro-
magnetic annihilation through a virtual photon (γ∗); this is specifically true when the
collision energy is such that the weak Z boson does not contribute. The charge conjugation
eigenvalue of the initial state is:
Ce+e− = Cγ∗ = −1. (2.4)
For a final state composed of states that do not combine themselves to form any
particle-antiparticle systems, the C parity is the product of C parities for each particle
system. Recall that a photon has JPC = 1−−, and a π0 meson has JPC = 0−+. Thus, for
the example decay e+e− γ
∗
−→ D0D0 +mγ + nπ0:
Cγ∗ = CD0D0 × (−1)m × 1 (2.5)
thus
CD0D0 = (−1)1−m = (−1)m+1, (2.6)
where m and n are positive integers. If other C-definite particles or particle systems were
also produced (e.g. J/ψ, ρ0, (K+K−)C=+1) in the final state, additional multiplicative
terms could be included in the two Equations above.
In e+e− colliders, the virtual photon energy can be tuned for resonant production of
cc states, at or above D0D0 threshold. In the specific case of the C-conserving decay
ψ(3770) → D0D0, m = n ≡ 0; thus for the resulting D0D0 system, C = −1. There
is a weak current contribution to ψ(3770) → D0D0, thus charge-parity conservation in
principle could be relaxed; however, angular momentum conservation requires the D0D0
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system to be in an antisymmetric state (see Equation 2.3), ensuring the D0D0 system has
the same quantum numbers as the initial resonance [37].
Note that Cψ(3770) = −1, so if running an e+e− collider at a resonance decaying to open
neutral charm, we could substitute ψ(3770) for γ∗ in the above equations and conclude
the same physics. More energetic C = −1 resonance states such as ψ(4040) could be
considered; then both C = +1 and C = −1 D0D0 can be produced depending on the
number of associated photons or neutral pions. In these cases, the production mechanism
of the C = −1 resonance is irrelevant and may be dropped.
The principles above may also be considered for the strong/electromagnetic decay of
a particle or state with C = +1 to the D0D0 + mγ + nπ0 final state. As an example,
we take consider the decay of the χc1(3872) exotic meson. For the C-conserving decay
χc1(3872)→ D0D0 +mγ + nπ0:
Cχc1(3872) = CD0D0 × (−1)m × 1 (2.7)
thus
CD0D0 = (−1)−m = (−1)m. (2.8)
Unlike for ψ(3770) decays, in χc1(3872) decays with D0D0 in the final state m = n = 0
is not allowed by parity conservation. The n = 1, m = 0 decay χc1(3872) → D0D0π0
has been observed, is expected to have a large branching fraction, and is dominantly
produced via χc1(3872) → D∗0D0 and χc1(3872) → D∗0D0 resonant decays [34], which
may have varying degrees of coherence depending on the nature of binding between
the charm and anti-charm components of the χc1(3872) exotic meson [38]. A direct
χc1(3872) → D0D0π0 non-resonant component has not yet been ruled out [34]. Thus
the decay χc1(3872) → D0D0γ is also expected; for this decay n = 0, m = 1. D∗0 is
expected to decay twice as much to D0π0 as to D0γ, but due to the smaller phase space
of χc1(3872) → D0D0π0, χc1(3872) → D0D0γ is expected to be slightly enhanced [39].
Decays with n > 1 are not possible, and decays with m > 1 are henceforth not considered
as they are likely to be suppressed.
To obtain a pure C = +1(−1) D0D0 system, the χc1(3872) decays would have to
be cleanly reconstructed in the D0D0π0(D0D0γ) decay mode. Separation techniques
addressing the reconstruction of these D0D0 systems, without reconstructing the photon
or neutral pion, are discussed in Section 3; purity of the C identification is briefly discussed
in Section 2.7.
For completeness, Equation 2.6 and Equation 2.8 are generalized to all C-conserving
charmonium(-like) decays of particles with fixed JPC to the D0D0 +mγ + nπ0 final state:
CD0D0 = (−1)mCJPCcc . (2.9)
This may be useful in the case that existing, new, or exotic charmonia-like particles are
determined to produce correlated D0D0 systems in quantity. The existence of the neutral
Zc(3900) with JPC = 1+− [40,41] should motivate such searches for such alternative sources
of correlated D0D0.
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2.2 Quantum state of χc1(3872)→ D0D∗0
The D0D∗0 system is not an eigenstate of C, so the strong decay χc1(3872)→ D0D∗0 cannot
occur in isolation [38]. It is only possible to produce χc1(3872)→ D0D∗0, and conserve C,




















This is verified e.g. by following the arguments of Bondar and Gershon [42].
2.3 Configurations of D0D0 systems in C eigenstates
In the case of χc1(3872)→ D0D∗0 decay, angular momentum relationships between the
D0 and D∗0 mesons, and also the D0 meson and light neutral π0 meson or photon, can
be determined easily, but recall from Equation 2.2 and Equation 2.3 that to have a
correlated D0D0 system, an angular momentum relationship must exist in the system.
This relationship limits the possible D0D0 states to:
JPC
D0D0
= 0++, 1−−, 2++, . . . (2.13)
In general, we may use strong conservation laws to determine the possible relationships,
demonstrating that the types of decays that we are interested in are not forbidden. In
this section, the JPC
D0D0
possibilities for the cases of χc1(3872)→ D0D0π0 and χc1(3872)→
D0D0γ are explicitly determined.
The χc1(3872) exotic meson is known to have large isospin-breaking effects [43]; this
is explained by the possibility of the χc1(3872) being a superposition of D0D∗0, D+D∗−,
and their charge conjugate states, where the χc1(3872) is below threshold to produce a
D+D∗− state. The χc1(3872) exotic meson may be in as much as an equal superposition
of isospin 0 and isospin 1 [44]. It is assumed that there is an isospin component that does
not forbid the following transitions.
Addressing the other quantum numbers, the decays and their spin schematics may be
written as follows:
χc1(3872)→ (D0D0)LD0D0π
0 :: 1++ → JPC
D0D0





χc1(3872)→ D0D0π0 0 1
χc1(3872)→ D0D0π0 2 1 or 3
χc1(3872)→ D0D0γ 1 0 or 2
Table 2.1: Allowed angular momentum configurations for JD0D0 ≤ 2
χc1(3872)→ (D0D0)L′
D0D0
γ :: 1++ → J ′P ′C′
D0D0
⊕ 1−−︸ ︷︷ ︸
L′R
(2.15)
For χc1(3872) → D0D0π0, C conservation dictates that CD0D0 = 1, thus PD0D0 = 1,
and JD0D0 can only be even. P conservation then also dictates that LR is odd. For
example, since Jχc1(3872) = LR ⊕ JD0D0 , if JD0D0 = 0 then LR = 1.2






is odd. P conservation then also dictates that L′R is even. For example, since
Jχc1(3872) = L
′
R ⊕ (J ′D0D0 ⊕ 1), if J
′
D0D0
= 1 then L′R = 0 or 2.
The possibilities where J (′)D0D0 ≤ 2 are shown in Table 2.1. Due to the χc1(3872)
mass being essentially the same as the sum of the D meson and D∗ meson masses, it is
reasonable to presume that the modes with higher angular momenta will be suppressed.
2.4 Comment on effect of D0D∗0 correlations
It is worthwhile to briefly comment further on the decay χc1(3872) → D0D0π0 which
should be produced in copious quantites from the χc1(3872) state. The decay has a small
phase space, yet still has structure due to the possibility of D∗ resonances.
The correlations of both Equation 2.2 and Equation 2.10 should appear in the full
χc1(3872)→ D0D0π0 amplitude model. In order for this to be the case, the overarching
amplitude for the decay must be:





Note that there are no arbitrary phases between the individual components, besides a
global phase that is irrelevant to the decay dynamics. This doubly-correlated amplitude is
effectively the sum of two decay amplitudes that are identical, thus the D0D0 correlation
does not change the probability distribution of χc1(3872)→ D0D0π0 decays over the phase
space. A similar argument applies to the χc1(3872)→ D0D0γ decay.
2One could consider initial state particles of other JPC : e.g. for a JPC = 1+− initial state decaying to
D0D0π0, CD0D0 and PD0D0 change sign, JD0D0 is odd, and LR is even.
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2.5 Exploiting correlations in the D0D0 system
The production of D0 and D0 in the configurations of Equation 2.2 and Equation 2.3 allow
several mixing and relative strong phase parameters to be extracted for neutral D decays,
via decay rates of the resulting D mesons. It is possible to determine the parameters of
interest via a time-integrated analysis as discussed by Asner and Sun [18] and the CLEO
collaboration [3].
These parameters were determined in Refs. [3,45,46], but no C-even D0D0 were used. In
the simple case of using only two-body hadronic and semileptonic D decays, C-even D0D0
offer linear sensitivity to the mixing parameter x, a quantity that is directly proportional
to the mass difference between the two neutral D mass eigenstates, that C-odd D0D0
do not (these are only sensitive to x2). C-even D0D0 also offer considerably improved
sensitivity (by approximately a factor of two) to y, a quantity directly proportional to
neutral D decay widths [18], presuming that the same number of C-even and C-odd decays
are obtained.
Of equal importance, C-even and C-odd D0D0 also provide complimentary sensitivity
to strong phases that exist in D decays, for example D0 → K−π+. Both C-even and C-odd
D0D0 provide sensitivity to the cosine of the D0 → K−π+ strong phase, δKπ, whereas
only C-even decays are sensitive to sin(δKπ), in the case where no all-hadronic multi-body
D decay modes are used.3
The current best suggestions for obtaining these C-even decays would be to extend
the time-independent analysis to D0D0 from a more energetic resonance e.g. e+e− →
ψ(4040) [47], or to simply collect e+e− → D0D0 +mγ+nπ0 above the charm threshold [18].
If it is possible to separate the C = +1 and C = −1 D0D0 in χc1(3872) decays, then
this would provide an alternative source. Potential separation techniques are demonstrated
in Section 3, and potential advantages of using χc1(3872) decays are discussed in Section 5.
2.6 C-definite D0D0 in B → D0D0X decays
As a consequence of quantum correlations, the two D mesons in a D0D0 system must have
either the same or the opposite CP eigenvalues, depending on the C eigenvalue of the pair.
This allows explicit separations of B → D0D0X decays, where X is any set of additional
final state particles, into their B → (D0D0)C=−1X and B → (D0D0)C=+1X components.
For example, by selecting both D mesons by their decays to positive CP -definite final
states (such as those described in Section 4), collected B → (D0D0)X will only have
C = +1 D0D0 components. An amplitude analysis of such a sample could help to better
determine relative strong phases between D0K+ and C = +1 D0D0 resonances, within
the decay B+ → D0D0K+.
The B → (D0D0)C=+1X branching fraction will be approximately a factor of two
larger than the naive expectation, due to the quantum correlations in the D0D0 system
described by Refs. [18,46]. Representative effects on the branching fractions of selected
3It is possible to gain direct sensitivity to x and sin(δKπ), by including multi-body D-decay final states
of mixed CP and exploiting their interference with two-body decays (see Ref. [3]).
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doubly CP -positive D decay modes are shown in Table 2.2. Even though the branching
fractions for the doubly CP -positive D decay modes are small (relative to the doubly
Cabibbo-favored D decays), due to the quantum correlations B → (D0D0)C=+1X decays
using charged two-body CP -positive D final states are only a factor of ∼ 25 (rather than a
factor of ∼ 50) fewer than B → (D0D0)X samples using charged two-body flavor-specific
D final states.
D decay mode D̄ decay mode B (naive) B (including correlations)
K−π+ K+π− 1.60× 10−3 1.60× 10−3
K+K−, π+π− π+π−, K+K− 1.23× 10−5 2.45× 10−5
K+K− K+K− 1.69× 10−5 3.38× 10−5
π+π− π+π− 2.22× 10−6 4.44× 10−6
Table 2.2: Approximate product branching fractions B of a D0D0 pair reconstructed in the
corresponding DD̄ decay mode, both under the naive expectation [2] and after the effects of
quantum correlation [18,46], excluding small effects due to charm mixing and ignoring doubly-
Cabibbo suppressed decays.
2.7 Purity of the initial C-definite D0D0 state, and using D0D0 of
mixed C
A C-definite initial D0D0 state may be diluted by radiated photons, which would flip the
C eigenvalue of the D0D0 system and thus result in an uncertainty that would need to be
accounted for. However, photon radiation is problematic only if it alters the relative angular
momentum between the D0 meson and D0 meson in the D0D0 system. Thus initial and
final state radiation, and bremstrahlung photon emmision, do not affect the C eigenvalue
because these processes all occur either before the formation of the D0D0 system or after the
constituent D0 and D0 mesons have decayed. There are virtual processes that would cause a
C eigenvalue flip e.g. ψ(3770)→ 0+virtualγ → D0D0γ, ψ(3770)→ (D0D∗0)virtual → D0D0γ,
however such processes are predicted to occur at the order of 10−8 relative to the dominant
processes [48]. It should be reasonably expected that for χc1(3872) decay we should expect
similar suppresion of such virtual states.
It is certainly possible for coherent D0D0 to have their C eigenstate misidentified.
However, the size of the admixture can be determined from the data if both D mesons are
reconstructed, and the effect of the admixture can be accounted for in an analysis of such
data [18]. There is a dilution of sensitivity if the sample is not pure, but the analysis can
still be performed. If the number of C-even and C-odd decays in the admixture are exactly
equal though, then some key charm mixing parameters cancel and cannot be measured.
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3 Simulation and variables of separation
In this section, the possibility of separating the correlated C = +1 and C = −1 D0D0
systems from χc1(3872) decays is discussed. The techniques are demonstrated with
representative decays simulating specific detector effects, however they could be used in
alternative laboratory environments as well.
3.1 RapidSim and EvtGen
Simulations of χc1(3872)→ D0D0π0 and χc1(3872)→ D0D0γ are created, which have the
ability to take account of momentum and impact parameter (IP) resolution representative
of that of the LHCb detector and experiment [49,50], and the effects of final state radiation
(FSR). Such representative decays are generated with RapidSim [51], which can generate its
own decays or utilize EvtGen [52], and FSR is generated with PHOTOS++ v3.61 [53].
The simulations generated by RapidSim presume production profiles based on proton-
proton collisions occuring at a center-of-mass energy of 14 TeV. Prompt χc1(3872) decays
are generated under the loose assumption that the low momentum release in the decay
dictates, that in the measurement frame, the particles in the D0D0 system will move ap-
proximately colinearly; thus the included “FONLL” charmed meson transverse momentum
and pseudorapidity distributions [54,55] are extended to represent low-mass charmonium by
simply doubling the transverse momenta generated, while maintaining the pseudorapidity.
Decays producing χc1(3872) from B mesons are simulated with the B mesons having
FONLL beauty meson transverse momentum and pseudorapidity distributions [54,55].
In addition to particle decay models already contained within EvtGen, for χc1(3872)→
D0D0π0 decays a specific amplitude model to fully describe Equation 2.16 as the coherent
sum of χc1(3872) → D0D∗0 and χc1(3872) → D∗0D0 amplitudes is also created. In this
model, the masses of the D∗ mesons, neutral D mesons, π0 meson, and χc1(3872) state
are fixed to their PDG values [34]. The D∗0 → D0π0 decay width is fixed to 43 keV/c2, as
estimated by Voloshin in Ref. [38]. The amplitude model, described in Appendix A, has
been implemented using EvtGen [52], and has the ability to produce the intermediate
state D0D∗0 and charge conjugate amplitudes in both L = 0 (“Model S-Wave”) and L = 2
(“Model D-Wave”) angular momentum states.
Due to the χc1(3872) mass being essentially the same as the sum of the D and D∗
mass, it is reasonable to presume that the L = 2 D0D∗0 mode is suppressed. However,
the possibility of L = 2 D0D∗0 is included in the following sections to demonstrate the
robustness of the separation techniques.
3.2 Simulations of χc1(3872)→ D0D0π0, χc1(3872)→ D0D0γ,
and prompt D0D0 background
The following described samples are generated for the purposes of demonstrating distri-
butions of the variables proposed in Section 3.4, Section 3.5, and Section 3.6, thus the
number of events generated for each sample is arbitrary.
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RapidSim produces standard decays under representative effects of detector simulation,
and also “TRUE” decays without detector simulation effects; for every sample described
both standard and TRUE events are produced. All D0 mesons decay to K−π+, and all
D0 mesons decay to K+π−. Note that no mass constraint is applied to either neutral D
meson in RapidSim.
In RapidSim 2× 105 events, are produced each of Model S-Wave and Model D-Wave
χc1(3872) → D0D0π0 decays using the model. The non-interfering sum of the Model
S-Wave and Model D-Wave samples is called the “Model” sample.
Additionally events are produced where 50% are χc1(3872)→ D0D∗0 → D0D0π0 and
50% are χc1(3872) → D∗0D0 → D0D0π0 to simulate a possible non-interfering decay
mode; 2× 105 events are are produced in both (D∗D)L=0 (“50/50 S-Wave”) and (D∗D)L=2
(“50/50 D-Wave”) modes. The non-interfering sum of these samples is called the “50/50”
sample. In all 50/50 samples, the same mass and width parameters are used as in the
Model samples for the particles involved in the decay. Equivalent samples are produced
for χc1(3872) → D0D0γ decays; the D∗0 → D0γ decay width is fixed to 26 keV/c2, as
estimated by Voloshin in Ref. [38].
Also 2 × 105 events are produced decaying uniformly throughout the χc1(3872) →
D0D0π0 decay phase space (“PHSP” events) to simulate a possible non-resonant decay
mode. An equivalent sample is produced for χc1(3872) → D0D0γ decays. The “PHSP”
events are meant to be representative; real decays are not uniform in the phase space.
As discussed in Section 2.3, there are various possible angular momentum relationships
among the final state particles in χc1(3872)→ D0D0π0 and χc1(3872)→ D0D0γ decays.
However, this simplified representation is only for demonstration, as decays which do not
occur through a D∗D intermediate state are more easily separable — this will be discussed
in Section 3.3.
All χc1(3872) decays are generated under prompt proton-proton collision profiles and
also under B+ → χc1(3872)K+ production profiles. Note that the prompt χc1(3872) decays
are produced “unpolarized”, i.e with equal weight to each polarization. All B+ mesons are
generated with the mass and lifetime properties listed in Ref. [56]. Events produced were
only accepted if all decay daughters were within the LHCb detector’s nominal acceptance,
though the “light neutral” (i.e. γ or π0) may be treated as visible or invisible to the detector
for this acceptance requirement. Samples with invisible light neutral particles are shown
in most cases; however when angular distributions are presented, samples where the light
neutral particles are required to be visible are substituted. Note that for the RapidSim
prompt and “secondary” B+ → χc1(3872)K+ samples, χc1(3872) were generated only at
the χc1(3872) mass (no width), to ensure conservation of energy in χc1(3872) → D∗D
when generating B+ → χc1(3872)K+ samples, and consistency between the χc1(3872)
width in the prompt and secondary samples; on the scales of interest this choice is not
expected to have a significant impact.
Separately, prompt D0D0 background samples are generated in RapidSim with uniform
density in allowed values of mD0D0 . For these samples the “TGenPhaseSpace” generator
of ROOT [57] is used, instead of EvtGen; the effects of FSR are also not included. The
background distribution is not meant to be completely representative of real background,
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but has a similar profile to the mD0D0 distribution of the background found under the
χc1(3872) and ψ(3770) decay peaks in Fig. 5 of Ref. [58]. A “Flat Background Sample”
of approximately 2 × 106 events were produced that fall within the acceptance of the
LHCb detector and within a range of mD0D0 < 3.76 GeV/c2 after representative detector
simulation.
3.3 The monochromatic π0 and γ
For the case of PHSP decays, the energy of the π0 meson in the χc1(3872) → D0D0π0
decay rest frame has a relatively narrow distribution compared to the energy of the photon
in the χc1(3872)→ D0D0γ rest frame. If the decay χc1(3872)→ D0D0γ was dominated by
a PHSP-like amplitude, then separating χc1(3872)→ D0D0π0 (where D0D0 has C = +1)
and χc1(3872)→ D0D0γ (where D0D0 has C = −1) could be trivial based on this variable
if an experiment has adequate detector resolution.
However, the decays χc1(3872) → D0D0π0 and χc1(3872) → D0D0γ are likely domi-
nated by χc1(3872) → D0D∗0 and χc1(3872) → D∗0D0 amplitudes. Note that with the
above parameters for particle masses, which are in agreement with the most precise
measurements [33], the χc1(3872) and neutral D∗ rest frames effectively coincide.
Thus in the χc1(3872) rest frame the π0 and γ energy and momentum will be observed
to be nearly the same as their breakup energy and momenta from D∗ decays, listed in
Table 3.1. Of course, calorimeter energy resolution in certain experiments may be too
large to allow separation of decays by these variables.
It is possible to simulate the π0 (or γ) energy distribution without reconstructing it.
In the χc1(3872) rest frame we can define the variable:
∆E = mχc1(3872)c
2 − ED0D0 , (3.1)
where ED0D0 = ED0 + ED0 . Since the decay χc1(3872) → D0D0π0 occurs so close
to threshold, the invariant mass-squared variable mD0D0c2 produces a near-identical














c4 is almost identical. For χc1(3872)→ D0D0γ decays, the
γ momentum is still small but no longer negligible, and mD0D0c2 shifts higher from ED0D0
for these decays by ∼2.5 MeV. This variable has the advantage of being Lorentz-invariant,
and relies only on information from experimental tracking.
Thus, one could use the invariant mass difference:
∆m = mχc1(3872) −mD0D0 , (3.3)
as a discriminating variable similar to ∆E. For PHSP decays, the ∆m distributions will
allow for a similar separation between χc1(3872) → D0D0π0 and χc1(3872) → D0D0γ
decays as the Eπ0/Eγ variable. However in the case where D0D∗0 is an intermediate state,
∆m alone would be insufficient to separate χc1(3872)→ D0D0π0 and χc1(3872)→ D0D0γ
decays if detector resolution on ∆m is much greater than 1 MeV/c2.
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Decay Eπ0/γ (MeV) |pπ0/γ| (MeV/c)
D∗0 → D0π0 141.5 42.6
D∗0 → D0γ 137.0 137.0
Table 3.1: D∗0 breakup energy and momenta, resulting in the monochromatic π0 or γ in
χc1(3872)→ D0D∗0 decays.
3.4 The (D0 − D0) momentum in the D0D0 rest frame
Fortunately, it is possible to determine other variables that have better separation power,
if a high-resolution measurement of the light neutral particle’s momentum is not available,
or the light neutral particle’s momentum cannot be inferred by an external constraint
(e.g. e+e− → Υ(4S) → B+B−, where B− decays to a fully reconstructed state, and
B+ → χc1(3872)K+ is reconstructed without the light neutral).
In χc1(3872) → D0D0π0 and χc1(3872) → D0D0γ decays, the D0D0 momentum
(|~pD0 + ~pD0 |), in the χc1(3872) decay rest frame has the property that it should be equal
and opposite to the momentum of the light neutral particle in the χc1(3872) rest frame.
However, boosting the D0D0 momentum into the available D0D0 rest frame removes access
to this information.
Here it is proposed to look instead at |~pD0 − ~pD0 |. The specific relationship between
|~pD0 − ~pD0 | and |~pD0 + ~pD0 | in the χc1(3872) rest frame can be derived from the diagonals
of the parallelogram formed by the D0 and D0 momentum vectors:









+ 2(~pD0 · ~pD0)
. (3.4)
Applying conservation of momentum this becomes:
|~pD0 − ~pD0 | =
√
p2π0/γ − 4(~pD0 · ~pD0). (3.5)
Effectively, this is the light neutral momentum (pπ0/γ) aberrated by the collinearity and
similarity in magnitude of the D0 and D0 momenta. Recall that in χc1(3872) → D∗D
decay, the D meson not associated with a D∗ is near rest in the χc1(3872) rest frame,
in which case |~pD0 − ~pD0| ' pπ0/γ. As shown in Table 3.1, the light neutral particle’s
momentum in the χc1(3872) rest frame can be used to separate D0D0π0 and D0D0γ
decays.
As we conventionally interchange the sum of the D0 and D0 four-momenta with the
concept of “D0D0 four-momentum”, hereafter interchanged is the difference of the D0
and D0 four-momenta with the concept of “(D0 − D0) four-momentum” (and the implied
corresponding three-momentum when relevant). For χc1(3872) decays the (D0 − D0)
momentum is preserved to an excellent approximation when it is boosted into the D0D0
rest frame. Consider a χc1(3872)→ D0D0π0 or χc1(3872)→ D0D0γ decay in the χc1(3872)
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rest frame. If we align the light neutral momentum to the negative x-axis, the D0D0
momentum points in the positive x-direction. The transverse components of the (D0 − D0)
momentum are conserved in a boost to the D0D0 rest frame. This leaves the longitudinal

















The momentum of each D meson in the χc1(3872) decay rest frame is a small fraction
of the D rest mass. In the case of χc1(3872) → D∗0D0 → D0D0π0 the D momenta are
negligible compared to the D mass, and in the case of χc1(3872)→ D∗0D0 → D0D0γ it
is a small fraction. The D momentum is still a small fraction in χc1(3872) → D0D0π0
PHSP decays; in χc1(3872)→ D0D0γ PHSP decays the D momentum can reach about
27% of the total D energy. Plots of the D momentum in the χc1(3872) rest frame are
shown in Figure 3.1 for TRUE sample prompt decays; plots of this variable for TRUE
sample secondary decays are qualitatively identical.
In the cases where the D momenta are small, we can presume ((pD0 + pD0) c)
2 <<
(ED0 + ED0)
2 and ED0 = ED0 ' mD0 , and thus the (D0 − D0) momentum in the D0D0
rest frame is essentially the same as it is in the χc1(3872) rest frame, since:
pD0
DD
x − pD0DDx ' pD0x − pD0x. (3.7)
Simulations confirm that, on the scales of interest, the (D0 − D0) momentum is practically
identical in both frames.
Figure 3.2 shows comparisons of (D0 − D0) momentum magnitude (p), in the D0D0
rest frame, for both χc1(3872) → D0D0π0 and χc1(3872) → D0D0γ decays, in simu-
lated prompt events (corresponding to final-state kinematics with LHCb detector effects
applied, as produced by RapidSim); plots of this variable for secondary decays are quali-
tatively identical. Note that there is clear separation between χc1(3872)→ D0D0π0 and
χc1(3872)→ D0D0γ decays in this variable.
This technique could be generalized to any particle decay where two of the daughters
have the same mass and relatively small momentum in the parent frame.
12





















































































































































Figure 3.1: TRUE pD0 in the χc1(3872) rest frame for prompt (a) χc1(3872)→ D0D0π0 50/50 S-
Wave, (b) χc1(3872)→ D0D0π0 50/50 D-Wave, (c) χc1(3872)→ D0D0π0 PHSP, (d) χc1(3872)→
D0D0γ 50/50 S-Wave, (e) χc1(3872) → D0D0γ 50/50 D-Wave, and (f) χc1(3872) → D0D0π0
PHSP. Recall that a D meson not associated with a D∗ is near rest in the χc1(3872) rest frame,
and a D meson associated with the D∗ meson moves with momentum approximately opposite to
the light neutral, hence the two peaks in the 50/50 samples’ distributions. No detector simulation
is applied. The pD0 distributions appear identical.
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Figure 3.2: (D0 −D0) momentum magnitude (p), in the D0D0 rest frame, compared for prompt
(a) χc1(3872)→ D0D0π0 50/50 (light blue) vs. χc1(3872)→ D0D0γ 50/50 (grey, dashed line),
(b) χc1(3872)→ D0D0π0 Model (light blue) vs. χc1(3872)→ D0D0γ 50/50 (grey, dashed line),
(c) D0D0 Flat Background Sample (light blue) vs. χc1(3872) → D0D0π0 50/50 (grey, dashed
line), (d) D0D0 Flat Background Sample (light blue) vs. χc1(3872) → D0D0γ 50/50 (grey,
dashed line), (e) χc1(3872)→ D0D0π0 50/50 S-Wave only (light blue) vs. χc1(3872)→ D0D0γ
50/50 S-Wave only (grey, dashed line), and (f) χc1(3872) → D0D0π0 PHSP (light blue) vs
χc1(3872)→ D0D0γ PHSP (grey, dashed line). Where the sample sizes are equal, the fraction
of χc1(3872) → D0D0π0 (or equivalently χc1(3872) → D0D0γ) events in the overlap region is
displayed on each plot.
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3.5 Invariant (D0 − D0) mass-squared
Invariant mass-squared for four-momenta is always defined in terms of the energy and
momentum components of that four-momenta in any chosen frame. We can choose to













In the D0D0 frame, the D0 and D0 momenta are by definition equal and opposite.
















Equation 3.9 of course is generally true for any two-particle system where the masses of
the particles are identical — for example there are applications of a similar variable when
studying spin correlations of Λ hyperon pairs [59].
Applying the conclusion from Section 3.4 that the (D0−D0) momenta in the χc1(3872)
rest frame and the D0D0 rest frame are essentially the same, under the condition that the
D0 and D0 momenta in the χc1(3872) rest frame are small, we conclude:
−m2
(D0−D0) ' (~pD0 − ~pD0)
2/c2, (3.10)
where as in Section 3.4, ~pD0 − ~pD0 refers to the (D0 − D0) momentum in the χc1(3872)
rest frame.
The quantity −m2
(D0−D0) has the advantage of being Lorentz invariant, and thus can
be calculated in the measurement frame. As no mass constraints are applied in this
study, the quantity −m2
(D0−D0) may be negative for some events when calculated from the
measurement frame four-vectors. Figure 3.3 shows comparisons of −m2
(D0−D0), for both
χc1(3872)→ D0D0π0 and χc1(3872)→ D0D0γ decays, in simulated prompt events; plots
of this variable for secondary decays are qualitatively identical. Note that in this simulation
there is clear separation between χc1(3872)→ D0D0π0 and χc1(3872)→ D0D0γ decays
in this variable.
15


















































































































































































































(D0−D0) compared for prompt (a) χc1(3872) → D
0D0π0 50/50 (light blue) vs.
χc1(3872) → D0D0γ 50/50 (grey, dashed line), (b) χc1(3872) → D0D0π0 Model (light blue)
vs. χc1(3872) → D0D0γ 50/50 (grey, dashed line), (c) D0D0 Flat Background Sample (light
blue) vs. χc1(3872) → D0D0π0 50/50 (grey, dashed line), (d) D0D0 Flat Background Sample
(light blue) vs. χc1(3872)→ D0D0γ 50/50 (grey, dashed line), (e) χc1(3872)→ D0D0π0 50/50
S-Wave only (light blue) vs. χc1(3872) → D0D0γ 50/50 S-Wave only (grey, dashed line),
and (f) χc1(3872) → D0D0π0 PHSP (light blue) vs χc1(3872) → D0D0γ PHSP (grey, dashed
line). Where the sample sizes are equal, the fraction of χc1(3872) → D0D0π0 (or equivalently
χc1(3872)→ D0D0γ) events in the overlap region is displayed on each plot.
3.6 Angle between K and D0 in the D0D0 frame
In the case of secondary χc1(3872) decay, e.g. B → χc1(3872)K decay, where χc1(3872)→
D∗0D0, it is possible to take advantage of additional kinematics. A particularly interesting
variable is θKχc1(3872), the angle between the K meson and the D0 meson which decays
from the D∗0 state, in the χc1(3872) decay rest frame4. Of course, the χc1(3872) decays
occur in a superposition of χc1(3872)→ D∗0D0 and χc1(3872)→ D∗0D0. For the latter,
the interesting variable would be θK
χc1(3872), the angle between the K meson and the D0
4This is not the traditional helicity angle, which is the angle between the K meson and the D0 meson,
in the χc1(3872) decay rest frame.
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meson, in the χc1(3872) decay rest frame.
While it is not generally possible to get into the χc1(3872) rest frame without re-
constructing the light neutral, it is possible to make an acceptable approximation to
the χc1(3872) rest frame by considering the D0D0 rest frame. The angle θKD
0D0 in the
D0D0 rest frame is correlated to θKχc1(3872), and thus provides separation power between
χc1(3872) → D0D0π0 and χc1(3872) → D0D0γ where χc1(3872) → D∗D . There is a
convenient symmetry, as θK
χc1(3872) will have the same correlation to θKD
0D0 due to the
decay topology.
Figure 3.4 show comparisons between the TRUE θKχc1(3872) and the TRUE θKD
0D0
for simulated events, with correlation factors between the variables shown in the figure
caption. Note that the separation is better for the θKD
0D0 variable, as it has access to the
separation power of θKχc1(3872) and θK
χc1(3872) simultaneously.
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Figure 3.4: TRUE θKD
0D0 (left) and TRUE θKχc1(3872) (right), shown for secondary (a)
χc1(3872) → D0D0π0 50/50 S-Wave only (correlation = 0.65), (b) χc1(3872) → D0D0γ 50/50
S-Wave only (correlation = 0.51), (c) χc1(3872)→ D0D0π0 50/50 D-Wave only (correlation =
0.65), and (d) χc1(3872)→ D0D0γ 50/50 D-Wave only (correlation = 0.52).
Figure 3.5 shows comparisons of θKD
0D0 for both χc1(3872) → D0D0π0 and
χc1(3872) → D0D0γ decays, in simulated secondary events. Unlike in the previous
comparisons shown, here the χc1(3872) → D0D0π0 Model decays separate better than
χc1(3872)→ D0D0π0 50/50 decays, from χc1(3872)→ D0D0γ 50/50 decays.
17









































































































































0D0 , compared for secondary (a) χc1(3872) → D0D0π0 50/50 (light blue) vs.
χc1(3872) → D0D0γ 50/50 (grey, dashed line), (b) χc1(3872) → D0D0π0 Model (light blue)
vs. χc1(3872) → D0D0γ 50/50 (grey, dashed line), (c) χc1(3872) → D0D0π0 50/50 S-Wave
only (light blue) vs. χc1(3872) → D0D0γ 50/50 S-Wave only (grey, dashed line), and (d)
χc1(3872)→ D0D0π0 PHSP (light blue) vs χc1(3872)→ D0D0γ PHSP (grey, dashed line). The
fraction of χc1(3872) → D0D0π0 (or equivalently χc1(3872) → D0D0γ) events in the overlap
region is displayed on each plot.
3.7 Summary
Variables have been presented that have the ability to provide separation between
χc1(3872) → D0D0π0 and χc1(3872) → D0D0γ decays, in experiments without suffi-
cient calorimeter resolution to detect the light neutral particle (of course, information from
the light neutral itself could only be helpful). This step is crucial to performing quantum-
correlated analyses with the resulting D0D0 systems. Separation of these decays should
also be able to help considerably in other situations where separation is desired — for
example, the determination of χc1(3872)→ D0D0π0 and χc1(3872)→ D0D0γ branching
fractions.
The level of separations demonstrated in the RapidSim simulations should be represen-
tative, but of course the RapidSim simulation is not a full LHCb detector simulation. Thus
in real data resolutions should not be expected to be as good as shown here. Mass, vertex,
and other constraints on the χc1(3872) exotic meson and D (and B, where applicable)
meson decays may modify the amount of separation. Real backgrounds are also likely
more complex than those presented here, and of course real χc1(3872) → D0D0π0 and
χc1(3872)→ D0D0γ decays may not be perfectly described by the decay models used to
generate decays for this study.
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4 Tests of (CP )T violation with C = +1 D0D0 systems
In addition to the possibility of adding data to existing charm quantum-correlated analyses,
the possibility to also perform tests of CP (T ) and time-reversal (T ) conservation with
C = +1 D0D0 systems is proposed here. A reconstructibility advantage in the required
final states gives C = +1 D0D0 systems the potential to provide the first experimental
constraints on time-reversal violation in the charm system.
CP violation has been found to be small in the charm system [60], but it is unclear
if the amount found is entirely due to Standard Model processes; unexpected deviations
from the expectation of small CP violation could be a sign of new physics. New physics
can enter these decays through quantum loops, as they do in the beauty system. It is
possible to search for CPT , CP , and T violation in entangled charm systems, by using a
similar method to that used to make the first observation of time-reversal violation in the
beauty quark system [61,62].
For the charm quark system, this method has been generally discussed in the context of
collisions at potential asymmetric e+e− flavor factories tuned to the ψ(3770) resonance [63–
66], and exploiting the time evolution of the C = −1 D0D0 quantum superposition; each
D meson may decay at different times to a flavor-specific or a CP -definite filter basis (i.e.
final state), which identifies (or “tags”) the D meson as having decayed to a specific flavor
basis (implying the parent is in a D0 or D0 flavor state) or being in a superposition of
flavor states that decay to a definite CP eigenstate (the superpositions are denoted as D+
or D−), respectively.
Specifically, D+ and D− are considered to be states forming an alternative orthogonal






when CD0D0 = −1, (4.1)
and thus the D-decay final states are predicted to be CP -anticorrelated.
Here it is proposed to expand this formalism, compared to previous discussions in
the literature, to allow all decays discussed in Section 2.1 to be included; thus C = +1
quantum-correlated D0D0 can also be exploited for potential analysis, which has some key






when CD0D0 = +1, (4.2)
indicating that the D-decay final states are expected to be CP -correlated.
Refs. [63–66] also suggest using semi-leptonic final states to cleanly identify the flavor-
tagged D meson. Here it can be proposed to instead use hadronic pseudo-flavor tags,
e.g. D0 → K−π+. The existing formalism can be maintained, but with the addition of
a nuisance parameter to account for the D0 → K−π+ background of 3.5 per mille [2].
Hadronic tags have the advantage that they can be completely reconstructed, and also add
more data for potential analyses. Of course, experiments that can reconstruct semileptonic
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Figure 4.1: Examples of T -conjugate decay processes involving transitions between D eigenstates
of flavor and D eigenstates of CP . Table 4.1 lists other symmetry-conjugate decay processes of
interest, involving different transitions.
decays of flavor-specific modes at hadron colliders (or any other experiments) would
certainly boost analysis prospects.
As discussed in Refs. [63–66], and as seen in Figure 4.1, it is possible to construct
T conjugate decay processes from the quantum-correlated decays of the ψ(3770), and
compare their rates directly to search for symmetry violations. In this example, if at time5
t1 the D0 meson decays to a flavor state (e.g. K−π+), and at a later time t2 the other D
meson is found in a CP+ eigenstate (|D+〉), for the latter decay this represents the process
D0|t1 → D+|t2 . The T -conjugate process can be then obtained as follows. If at time t′1 a
neutral D meson from another ψ(3770) meson decays to a CP− eigenstate (|D−〉), and at
a later time t′2 the other D meson is found in an anti-flavor state (e.g. K+π−), for the
latter decay this represents the process D+|t′1 → D
0|t′2 . The processes can then be studied
in terms of proper time difference ∆t = t′2 − t′1 = t2 − t1.
We can also construct pairs of processes to be compared that are CP and CPT
(applying both CP and T ) conjugates. For example, the processes D0|t1 → D+|t2 and
D0|t′1 → D+|t′2 can be compared to look for CP violation; the processes D
0|t1 → D−|t2
and D−|t′1 → D
0|t′2 can be compared to search for CPT violation.
Using the concepts discussed in the previous sections, this idea can be extended beyond
e+e− → ψ(3770) to all decays that could produce quantum-correlated D0D0. A key
5Proper time is henceforth implied.
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example is χc1(3872)→ D0D0π0, also shown in Figure 4.1. Here the resulting neutral D
mesons have C = +1 and are thus CP -correlated. For χc1(3872) decay the experiment
can be set up as with ψ(3770) decay, except for the spectator π0 meson and the change
required to obtain a proper T conjugate. As for ψ(3770) decay, if at time t1 the D0 meson
decays to a flavor state, and at a later time t2 the other D meson is found in a CP+
eigenstate (|D+〉), for the latter decay this represents the process D0|t1 → D+|t2 . The
T -conjugate process in the case of χc1(3872) decay can be then obtained as follows. If at
time t′1 a neutral D meson from another χc1(3872) decays to a CP+ eigenstate (|D+〉),
and at a later time t′2 the other D meson is found in an anti-flavor state (e.g. K+π−),
for the latter decay this represents the process D+|t′1 → D
0|t′2 . Pairs of processes to be
compared that are CP and CPT conjugates can also be constructed.
In the Standard Model, CP violation in charm is expected to be small. However, if a
test of T symmetry is performed in the above manner, and T violation is observed to be
different than CP violation in the charm system, it would be a clear indication of physics
beyond the Standard Model; perhaps it would mean that T violation in the charm system
arises from different mechanisms than CP violation in the charm system [64]. Note that
because mixing effects in the charm system are small, time-integrated measurements of
asymmetries could be considered first; small corrections could then be applied to account
for any mixing [66].
Table 4.1 lists the testable symmetries and possible pairings of reference and conjugate
transitions as discussed in Refs. [65,66], and also shows the representations of the required
D decay final states that would need to be reconstructed at time (t1, t2, t′1, t′2) to test
each pairing. A reconstructibility advantage occurs when using C = +1 correlated decays,
as T and CPT symmetries can be tested without the use of more difficult-to-reconstruct
D− states (that typically involve reconstructing neutral π0, η, ω, and K0S) — this is not
possible for C = −1 correlated charm decays.
Note that in the weak Hamiltonian all CP violation may be a combination of T and
CPT violations; it is proposed that results obtained from samples outlined in Table 4.1
could be combined to extract the individual contributions of T and CPT violation under
this model [68]. In addition to CP (T ) violation, C and P violation, known to exist
in the charm system, may also be tested within multi-body D decays, by performing
a simultaneous triple product analysis on correlated four-body D0 and D0 decays, as
discussed in Ref. [65].
LHCb and Belle II are currently the only operating experiments where it is possible
to reasonably study the flight distances of D mesons from χc1(3872) and ψ(3770) decays
in both direct production and from B → χc1(3872)K and B → ψ(3770)K decays, the
latter having the added benefit that one could search for CP violation directly by taking
advantage of Bose symmetry in the decay [69]. The ability to study time dependence in
ψ(3770) decays could also help motivate a future asymmetric charm factory [70].
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Testable Reference Conjugate (D0D0)C=−1 (D0D0)C=+1
Symmetry Transition Transition Detection Modes Detection Modes
S a→ b a′ → b′ at (t1, t2, t′1, t′2) at (t1, t2, t′1, t′2)
CP and T D0 → D0 D0 → D0 (D0,D0,D0,D0) (D0,D0,D0,D0)
CP and CPT D0 → D0 D0 → D0 (D0,D0,D0,D0) (D0,D0,D0,D0)
T and CPT D+ → D− D− → D+ (D−, D−, D+, D+) (D+, D−, D−, D+)
CP D0 → D− D0 → D− (D0, D−,D0, D−) (D0, D−,D0, D−)
D+ → D0 D+ → D0 (D−,D0, D−,D0) (D+,D0, D+,D0)
D0 → D+ D0 → D+ (D0, D+,D0, D+) (D0, D+,D0, D+)
D− → D0 D− → D0 (D+,D0, D+,D0) (D−,D0, D−,D0)
T D0 → D− D− → D0 (D0, D−, D+,D0) (D0, D−, D−,D0)
D+ → D0 D0 → D+ (D−,D0,D0, D+) (D+,D0,D0, D+)
D0 → D+ D+ → D0 (D0, D+, D−,D0) (D0, D+, D+,D0)
D− → D0 D0 → D− (D+,D0,D0, D−) (D−,D0,D0, D−)
CPT D0 → D− D− → D0 (D0, D−, D+,D0) (D0, D−, D−,D0)
D+ → D0 D0 → D+ (D−,D0,D0, D+) (D+,D0,D0, D+)
D0 → D− D− → D0 (D0, D−, D+,D0) (D0, D−, D−,D0)
D+ → D0 D0 → D+ (D−,D0,D0, D+) (D+,D0,D0, D+)
Table 4.1: The fifteen possible pairings of reference and symmetry conjugated transitions used
to study CP , T and CPT for pairs of neutral D mesons, as demonstrated by Bevan [65,66]. In
four of these pairings, both a and a′ can be established without the use of C-correlated charm
(e.g. via D∗+ → D0π+ flavor tags) and thus the symmetry can also be tested elsewhere. Listed
next to these pairings are the states that must be measured at (t1, t2, t′1, t′2) for C = −1 and
C = +1 correlated D0D0 systems, to establish the conjugated-transitions pair (see Figure 4.1).
Sets of states that do not require D− to be reconstructed are highlighted in bold; only C = +1
correlated D0D0 allow tests of T and CPT without the use of the more difficult-to-reconstruct
D− states.
5 Potential laboratories
In this section, a subset of promising production mechanisms for quantum-correlated
D0D0 systems, and possible experiments where these systems could be studied, are
overviewed. For completeness, χc1(3872) decays have also been recently observed in
photo(-muo)production and two-photon interactions [71, 72], but will not be discussed
further here. Electron-hadron facilities could also compliment existing experiments that
produce χc1(3872) and other exotic states [73].
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5.1 Quantum correlated states from e+e− annihilation
This section discusses the production of quantum-correlated D0D0 systems via resonant
electron-positron annihilation. In this process, quantum correlated D0D0 can be created
at any energy above the open charm threshold, but are particularly prominent in 1−−
charmonium(-type) resonances. Further investigations have been encouraged to search
for states of charmonia that decay to other charmonia and one or more π0 or γ [74].
Production of an χc1(3872) exotic meson with an associated photon is also of interest.
Active and future experiments that could exploit this production mechanism include
BES III, BELLE-II, and a future tau-charm factory [70].
5.1.1 The process e+e−
ψ(3770)−−−−→ D0D0
The entirety of quantum-correlated D0D0 samples collected and analyzed thus far have
come from this production mechanism. The cross section for this specific process has been
measured by BES III as:
σ[e+e− → D0D0] = (3.615± 0.010± 0.038) nb, (5.1)
near the ψ(3770) resonance peak (
√
s = 3.773 GeV) [75].
CLEO-c collected an integrated luminosity of 818 pb−1 at this energy; 3.0 × 106 of
these decays were produced [76]. BES III has collected 2.93 fb−1 so far, corresponding
to 1.06× 107 decays [75]. To date, several quantum correlated D0D0 analyses have been
performed on these data samples [3–5,7–11].
5.1.2 The process e+e− −→ D0D0 +mγ + nπ0
As described in Section 2.1, both C = +1 and C = −1 D0D0 systems can be produced
from e+e− collisions above D0D0 threshold. The charm factories have yet to perform
quantum correlated analyses with any C = +1 D0D0. The cross section and potential
inefficiencies lead to an order of magnitude fewer C = +1 D0D0 than the C = −1 D0D0
that would be collected from the same integrated luminosity of data taken at ψ(3770)
threshold; however, it has been shown that the combination of such decays would give
significant improvement over certain quantum correlated measurements made with C = −1
D0D0 alone [18]. Production is more plentiful at 1−− charmonium resonances of course,
such as through e+e−
ψ(4040)−−−−→ D0D0 +mγ+nπ0 [47] or e+e− ψ(4160)−−−−→ D0D0 +mγ+nπ0 [77].
Production may also be plentiful at 1−− bottomonium resonances, such as through
e+e−
Υ(1S)−−−→ D0D0 +mγ+nπ0 [78]; yearly production rates of correlated D0D0 are expected
to be competitive with BES III, if the luminosity delivered to BELLE-II approaches
1036 cm−2s−1 as expected.
5.1.3 The process e+e−
ψ(4230)−−−−→ χc1(3872)γ
It is not possible to create resonant χc1(3872) exotic meson production in electron-positron
annihilation due to its quantum numbers. However, the χc1(3872) exotic meson has
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been observed in radiative production from the ψ(4230) state [79]. The cross section
σ[e+e− → γχc1(3872)] × B[χc1(3872) → J/ψπ+π−] was measured by BES III at center-
of-mass energies from 4.0 to 4.6 GeV/c2 [80]. This allowed the following maximum cross
section to be calculated in Ref. [35]:
σ[e+e− → γχc1(3872)] = (5.5+2.8−3.6) pb, (5.2)
reaching this value at
√
s = 4.226 GeV.
Using the branching fraction of χc1(3872)→ D0D∗0+D0D∗0, as determined in Ref. [35],
the following cross section can be estimated:
σ[e+e− → γχc1(3872)]× B(χc1(3872)→ D0D∗0 + D0D∗0) ≈ 2.9 pb. (5.3)
While this cross section is comparatively small compared to ψ(3770) decays, it could
comprise a useful source of correlated D0D0 systems, particularly because the separation
techniques discussed in Section 3 could be used to more cleanly identify the C = +1
D0D0 components of the χc1(3872) decays, if at least the photon produced along with the
χc1(3872) exotic meson can be reconstructed.
Of course, ψ(4230) state or e+e− decays directly to D0D0π0γ and D0D0γγ certainly
also provide quantum correlated D0D0 systems — depending on the relative cross sections
determining the C eigenstate of the D0D0 may be a challenge, though could be overcome
by studying the final states in the admixture [18]. Further searches for and collection of
radiatively produced χc1(3872) exotic mesons from other 1−− states could help build a
further sample.
Initial state radiation production of ψ(4230) state decays at BELLE-II should be
competitive with the collection of these decays in direct production at BES III [81].
5.2 Charmonium(-like) states from pp annihilation
Proton-antiproton annihilation allows the generation of several JPC states, including 1++
and 1−−, through gluon-rich annihilation processes. The future PANDA experiment [82,83],
colliding antiprotons onto a proton fixed target, potentially offers a laboratory for resonant
production of these decays with the possibility of very large cross sections.
5.2.1 The process pp→ ψ(3770)
The annihliation cross section for pp→ ψ(3770) may be determined using the Breit-Wigner
formula [34] if the branching fraction of the time-reversed process ψ(3770)→ pp is known;
this branching fraction has been extracted from a sample of e+e−
ψ(3770)−−−−→ pp decays
collected at BES III [84].
At
√
s = 3.774 GeV, this cross section has been estimated to have the following two
solutions [84]:
σ[pp→ ψ(3770)] = (9.8+11.8−3.9 ) nb (< 27.5 nb at 90% C.L.) or (425.6+42.9−43.7) nb. (5.4)
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This result indicates that proton–antiproton collisions at future experiments such as
PANDA [85] can produce potentially large boosted ψ(3770) samples from pp annihilations.
In just one day of dedicated proton–antiproton collisions at the design specifications of
PANDA, O(8×104) or O(3×106) boosted ψ(3770) mesons could be produced in PANDA’s
high luminosity mode; in PANDA’s high resolution mode the event yields are decreased
by a factor of 10. There are potential scenarios where the background from threshold DD
pair production is low enough to see a clear ψ(3770) signal peak [86].
5.2.2 The process pp→ ψ(3770)π0
The cross section for pp→ ψ(3770)π0 may be determined by crossing relations [87] if the
branching fraction of the process ψ(3770)→ ppπ0 is known; this branching fraction has
been extracted from a sample of e+e−
ψ(3770)−−−−→ ppπ0 decays collected at BES III [88]
This cross section (maximal at a center of mass energy of 5.26 GeV) has been estimated
to have the following two solutions [88]:
σ[pp→ ψ(3770)π0] = (< 0.79 nb at 90% C.L.) or (122± 10) nb. (5.5)
5.2.3 The process pp→ χc1(3872)(π0)
Measurements of χc1(3872) → pp(π0) would allow determinations of cross sections for
pp → χc1(3872)(π0), similar to those made for pp → ψ(3770)(π0). The method of
detailed balance, combined with available experimental input, predicts an upper limit of
σ(pp→ χc1(3872)) < 68 nb [89]. If the cross section is close to the upper limit, depending
on the operational mode of PANDA, O(5× 105) (high luminosity mode) or O(5× 104)
(high resolution mode) could be produced per day.
There is potential destructive interference that could substantially reduce the cross
section of pp
ψ(3770)−−−−→ D0D0 and enhance the cross section of pp ψ(3770)−−−−→ D+D− [90]. Thus
one advantage of χc1(3872) decays over ψ(3770) decays at PANDA is that pp
χc1(3872)−−−−−→
D0D∗0 + D∗0D0 should not suffer from the same type of interference since the χc1(3872)
exotic meson is below D∗+D− threshold.
Searches for χc1(3872)→ pp(π0) at currently running experiments would be very useful
to help determine a more precise pp → χc1(3872) cross section. If this cross section is
determined to be comparable or larger than for ψ(3770) decays, even if pp
ψ(3770)−−−−→ D0D0 is
suppressed there could be a great opportunity to source both C = +1 and C = −1 D0D0
systems at PANDA.
Production of ψ(4230) and Zc(3900) states is also expected at PANDA with upper
limits on their cross sections approximately 30 and 150 times lower than for χc1(3872),
respectively [89]. Since the Zc(3900) state is also not narrow, C-changing D0D0 contami-
nation from these decays should be minimal.
25
5.3 Charmonium(-like) states from b hadron decays
Active experiments that could exploit this production mechanism include LHCb and
BELLE-II.
The cross section for prompt B± production at LHCb in 13 TeV pp collisions is [91]:
σ(pp→ B±X) = 86.6± 0.5(stat.)± 5.4(syst.)± 3.4(B(B± → J/ψK±)) µb, (5.6)
2.0 < y < 4.5, 0 < pT < 40 GeV/c.
In combination with the branching fractions B(B+ → ψ(3770)K+) × B(ψ(3770) →
D0D0) = (1.5± 0.5)× 10−4 [34], the cross-section for ψ(3770)→ D0D0 from B± decays at
13 TeV is ≈ 13 nb. In combination with the branching fractions B(B+ → χc1(3872)K+)×
B(χc1(3872)→ D∗0D0) = (8.5± 2.6)× 10−5 [34], the cross-section for χc1(3872)→ D∗0D0
from B± decays at 13 TeV is ≈ 7 nb.
In the LHCb Upgrade and Upgrade II the samples collected should be much higher,
though efficency of obtaining the sample may be low. The LHCb collaboration has predicted
reconstructed yields in the B+ → χc1(3872)K+, χc1(3872)→ J/ψππ decay channel to be
14k, 30k, and 180k, with 23, 50, and 300/fb samples of LHCb Upgrade II data, respectively,
and also estimates a yield of 11k for 50/ab of BELLE-II data [20]. Determining the relative
efficiency for detecting B+ → χc1(3872)K+, χc1(3872) → D0D∗0 + D0D∗0 from LHCb
without reconstructing the light neutral π0 or γ, should give an indication of of how many
quantum correlated D0D0 decays could be collected from this channel.
Recently, an amplitude analysis of B+ → D+D−K+ was performed by the LHCb
collaboration [92]. A sample of 1260 candidate events (with purity greater than 99.5%)
were studied. The resonant decay B+ → ψ(3770)K+ is found to have a fit fraction of
14.5 ± 1.2 ± 0.8%, indicating O(170) B+ → ψ(3770)K+ decays were detected. These
events are relatively isolated from other resonant contributions; there is a small non-
resonant contribution underneath the B+ → ψ(3770)K+ contribution, for which the
interference effect is consistent with zero. A large charge asymmetry in B → DDK
has been noticed and studied by Bondar and Milstein, who find the ratio of the B+ →
D+D−K+ decay probability and the B+ → D0D0K+ decay probability in the (DD)ψ(3770)
region is 0.27 ± 0.13 [93]. Thus it is possible under a similar efficiency profile O(600)
B+ → ψ(3770)K+ should be observed in B+ → D0D0K+ decay in the combined LHCb
Run 1 and Run 2 data samples; lower branching fractions in neutral D reconstruction
modes may be balanced by reconstructing two fewer particles in the overall final state.
The yields should be reasonably expected to increase by one to two orders of magnitude
during LHCb Upgrade and Upgrade II eras [20].
Substantial B+ → χcJ (3930)K+|J∈even components are also observed in the aforemen-
tioned LHCb analysis, and also peak strongly in the D+D− spectrum. However, Bondar
and Milstein notice this component is suppressed in B+ → D0D0K+, as no such compo-
nent was observed by BaBar [94]; this suppression may be related to the aforementioned
charge asymmetry. It is possible that the decay B0 → D0D0K0 has a substructure more
favorable to B+ → χcJ (3930)K+|J∈even components, so this decay mode is worth further
investigation, as these particular χcJ states could also be a source of C = +1 D0D0 [95].
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There is opportunity to collect ψ(3770) and χc1(3872) decays from other b hadron
decays as well. The cross section for b hadron production at LHCb in 13 TeV pp collisions
is is 144± 1(stat.)± 21(syst.) µb, for 2 < y < 5 [96]. An incomplete list of decay modes
from which these decays could be collected include: B0 → ψ(3770)K0, B+ → ψ(3770)K+,
B0 → χc1(3872)K0, B0 → χc1(3872)K0, B+ → ψ(3770)K0π+, B0 → ψ(3770)K+π−,
B+ → χc1(3872)K0π+, B0 → χc1(3872)K+π−, Λ0b → χc1(3872)pK−, Λ0b → ψ(3770)pK−.
Some of the branching fractions have not yet been measured, or could be measured more
accurately [34]. Decays of B0s such as B0s → χc1(3872)φ may also be worth exploring [97].
The χc1(3872) decay separation techniques discussed in Section 3 would apply to these
decays; also, the B → χc1(3872)K-specific techniques could be applied analogously for
B → χc1(3872)K∗ and Λ0b → χc1(3872)∆(1520). Note that in any analysis of charm
systems from B decays, CP violation originating from the B decay should be considered;
for example, such effects would have to be accounted for in the case of B → D0(∗)D0(∗)π,
however in the case of B → D0(∗)D0(∗)K(∗) suppressed modes are negligible compared to
the tree contribution, and CP violation originating from the B decay can be neglected [98].
It should be noted that D0D0 systems from rarer weak decays such as B0(s) → D0D0
must exist in fixed states of C = +1 due to angular momentum conservation [99]; the
relative orbital angular momentum of the D0D0 system must be L = 0 because of angular
momentum conservation, and a boson pair with L = 0 must be in an anti-symmetric state.
The branching fraction for B0s → D0D0 is small [100], but the possibility to obtain these
systems without interference backgrounds is also worth exploring.
There is also the possibility that the X(3720), a theorized JPC = 0++ state [101,102],
could produce C = +1 correlated D0D0 near charm threshold. It has been suggested that
the existence of this state could be induced from studies of B → D0D0K systems [103].
5.4 Charmonium(-like) states from proton-proton collisions




s = 7 TeV LHCb observed:
σ(pp→ χc1(3872)X)× B(χc1(3872)→ J/ψπ+π−) (5.7)
= 5.4± 1.3(stat.)± 0.8(syst.) nb,
2.5 < y < 4.5, 5 < pT < 20 GeV/c.
Using the branching fractions of χc1(3872) → J/ψπ+π− and χc1(3872) → D0D∗0 +
D0D∗0, as determined in Ref. [35], the following cross section can be estimated:
σ(pp→ χc1(3872)X)× B(χc1(3872)→ D0D∗0 + D0D∗0) ≈ 69 nb, (5.8)
2.5 < y < 4.5, 5 < pT < 20 GeV/c.
Significant numbers of prompt ψ(3770) → D0D0 and χc1(3872) → D0D0X decays,
where D0 → K−π+ and D0 → K+π−, have recently been observed at LHCb [58] with
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the full LHCb Run 1 and Run 2 datasets. Both samples sit on considerable backgrounds,
however cleaner pp → χc1(3872)X are easier to obtain given that the χc1(3872) decay
width is relatively narrow. (5.1±0.5(stat.))×103 ψ(3770) decays were observed. A precise
number of χc1(3872)→ D0D0X decays was not determined, but O(104) decays are visible
in the mD0D0 spectra. Presuming prompt χc1(3872) exotic meson yields scale similarly to
prompt D0 meson yields in the LHCb Upgrade and Upgrade II [20], expected reconstructed
yields in the prompt χc1(3872)→ D0D0X decay channel could be O(5× 104), O(2× 105),
and O(106), with 23, 50, and 300/fb samples of LHCb Upgrade and Upgrade II data,
respectively.
6 Conclusion
There remains an opportunity to go beyond traditional quantum correlated analyses
of charm, by exploring C = +1 D0D0 systems for studies of CP (T ) violation, time-
reversal violation, mixing, and relative strong phase measurements. Amplitude analysis
of B → D0D0X decays may also benefit from targeted reconstruction; for example,
reconstruction of B → (D0D0)C=+1X via D decay filter bases, such that C = −1 D0D0
resonances will not be present in the B → D0D0X decay.
Despite the difficulty of reconstructing light neutral particles, several variables of
separation exist to help identify the χc1(3872) → D0D0π0 and χc1(3872) → D0D0γ
components of χc1(3872)→ D∗0D0 decays. Separating these components could allow the
extraction of C = +1 D0D0 systems from these decays, and also improve measurements of
the χc1(3872)→ D0D0π0 and χc1(3872)→ D0D0γ branching fractions.
Also outlined are advantages for studying time-reversal violation and CPT violation
with C = +1 D0D0 systems, due to the ability to collect useful data in reconstruction
modes suitable at both annihilation experiments and hadron colliders. Several current
experiments have the ability to collect the relevant charmonia decays. The PANDA
experiment or a tau-charm factory offer potential opportunities to obtain even larger
amounts of charmonium decays to double open charm. A quantum correlated analysis of
any sample of χc1(3872) decays would provide interesting (and possibly first) measurements,
and provide a valuable blueprint for analysis of C = +1 D0D0 at upgraded and future
experiments.
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A Amplitude model for χc1(3872)→ D0D0π0
A.1 Formalism
The probability distribution I for the χc1(3872)→ D0D0π0 decay, as a function of a point
x in the χc1(3872) decay phase space, is proportional to the sum of the spin-projection





|AX (x, szX)|2 , (A.1)
where AX (x, szX) consists of the coherent sum over all intermediate state amplitudes
Ai(x, szX) representing the complete set of decay chains P:




The intermediate state decay amplitudes are parameterized as a product of form factors
BiL for the initial particle X and resonance R decay vertices, Breit-Wigner propagators
TiR included for each resonance, and an overall angular distribution represented by a spin
factor Si:
Ai(x, szX) = BiLX (x)BiLR(x)TiR(x)Si(x, szX) . (A.3)
The Blatt-Weisskopf penetration factors, derived in Ref. [107] by assuming a square well
interaction potential with radius rBW, account for the finite size of the decaying resonances;
these are chosen for the form factors BL. They depend on the breakup momentum q,





1 + (q rBW)2,
B2(q) = 1/
√
9 + 3 (q rBW)2 + (q rBW)4. (A.4)
Here, rBW = 1.5 GeV−1 is chosen for both χc1(3872) and D∗ decays. Resonance lineshapes
are described as function of the energy-squared, s, by Breit-Wigner propagators
T (s) =
1
M2(s)− s− im0 Γ(s)
, (A.5)
featuring the energy-dependent mass-squared M2(s), and total width, Γ(s). The latter
is normalized to give the nominal width, Γ0, when evaluated at the nominal mass m0,
i.e. Γ0 = Γ(s = m20). While M2(s) typically follows the Kramers-Kronig dispersion
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relation [108,109], in practice the approximation M2(s) = m02 is used, which is justified
since for the relatively narrow resonances included this quantity is approximately constant
near the on-shell mass. The nominal masses and widths of the resonances are taken from
Ref. [34], with the exceptions described below.
For a decay into two stable particles R → AB, the energy dependence of the decay












where q0 is the value of the breakup momentum at the resonance pole [110].
The spin factors in the covariant Zemach (Rarita-Schwinger) tensor formalism [111–113]
are constructed here, applied in the same manner as in Ref. [114]. The fundamental
objects of the covariant tensor formalism are spin projection operators and angular
momentum tensors, which connect the particle’s four-momenta to the spin dynamics of
the reaction [115,116].
A spin-S particle with four-momentum p, and spin projection sz, is represented by
the polarization tensor ε(S)(p, sz), which is symmetric, traceless and orthogonal to p. The
Rarita-Schwinger conditions reduce the a priori 4S elements of the rank-S tensor to 2S + 1
independent elements in accordance with the number of degrees of freedom of a spin-S
state [112,117].
The spin projection operator P µ1...µSRν1...νSR(SR) (pR), for a resonance R, with spin SR =
{0, 1, 2}, and four-momentum pR, is given by [116]:





























where gµν is the Minkowski metric. Contracted with an arbitrary tensor, the projection
operator selects the part of the tensor which satisfies the Rarita-Schwinger conditions.
For a decay process R→ AB, with relative orbital angular momentum LAB, between
particle A and B, the angular momentum tensor L(LAB) is obtained by projecting the
rank-LAB tensor qν1R q
ν2
R . . . q
νLAB
R , constructed from the relative momenta qR = pA − pB,
onto the spin-LAB subspace,
L(LAB)µ1...µLAB (pR, qR) = (−1)
LAB P(LAB)µ1...µLAB ν1...νLAB (pR) q
ν1
R . . . q
νLAB
R . (A.8)
Their |~qR|LAB dependence accounts for the influence of the centrifugal barrier on the
transition amplitudes. For the sake of brevity, the following notation is introduced,
ε(SR)(R) ≡ ε(SR)(pR, szR),
P(SR)(R) ≡ P(SR)(pR),
L(LAB)(R) ≡ L(LAB)(pR, qR). (A.9)
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Following the isobar approach, a three-body decay spin amplitude is described as a
product of two-body decay spin amplitudes. Each sequential two-body decay R→ AB,
with relative orbital angular momentum LAB, total intrinsic spin SAB, and total final state
momentum pAB ≡ pR, contributes a term to the overall spin factor given by
SR→AB(x) = ε(SR)(R) Ξ(SR, LAB, SAB)L(LAB)(R) ΦAB(x), (A.10)
where
ΦAB(x) = P(SAB)(R) Ξ(SAB, SA, SB) ε
∗
(SA)
(A) ε∗(SB)(B) , (A.11)
and
Ξ(J1, J2, J3) =
{
1 if J1 + J2 + J3 even
εαβγδ p
δ
R if J1 + J2 + J3 odd
, (A.12)
where εαβγδ is the Levi-Civita symbol and J refers to the arguments of Ξ defined in
Equation A.10 and Equation A.11. Its antisymmetric nature ensures the correct parity
transformation behavior of the amplitude.
Here, a polarization vector is assigned to the decaying particle and the complex
conjugate vectors for each decay product. The spin and orbital angular momentum
couplings are described by the tensors P(SAB)(R) and L(LAB)(R), respectively. Firstly, the
two spins SA and SB, are coupled to a total spin-SAB state, ΦAB(x), by projecting the
corresponding polarization vectors onto the spin-SAB subspace transverse to the momentum
of the decaying particle. Afterwards, the spin and orbital angular momentum tensors are
properly contracted with the polarization vector of the decaying particle to give a Lorentz
scalar.
The spin factor for a whole decay chain, is obtained by combining the two-body terms.
For example, the decay X → (R→ AB) would have the following overall spin factor:
SX→(R→AB)(x) = SX→RC(x)SR→AB(x). (A.13)
A.2 Model for χc1(3872)→ D0D0π0
For χc1(3872)→ D0D0π0, a decay model consisting of only the intermediate states D∗0D0
and D0D∗0 is considered. Note that in a strong decay of an pseudovector particle to a
vector and a pseudoscalar, conservation of parity dictates the possible orbital angular
momentum amplitudes; only even orbital angular momenta L are possible. In this case,
the the Levi-Civita symbol of Equation A.12 is never required.
The spin factors can be explicitly constructed for each possible two-body decay stage













Using the identities in Equation A.7, the overall spin factors are determined for
X → (D∗0D0)L=0 → D0D0π0:
SX→(D∗0D0)L=0→D0D0π0(x) = ε(1)a(X )L(1)
a(D∗0). (A.17)




Spin factors can be determined similarly for the decay chains originating from X →
D0D∗0. The tensor implementation of the spin factors in EvtGen was cross-checked with
those provided by qft++ [118].
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